
Table 2. Comparison of Example Ammonia Emission Sources, 

Source 
.NH3 

Emission Factor 
Activity Data 

Examples 
Emissions 

(tons/yr) 
Comments 

Dairy 70lbs/head/yr 585 head 20 
EF from population weighted dairy cattle avg. 
Ballye1 Table 2-9. Average herd size of 585 
from CDFA', 1997. 

Feedlot 47Ibs/head/yr 
2000 head operation 
15,000 head 

47 
352 

EF fmm popUlation weighted beef callie 
average/Ballye Table 2-9. Most CA callie in 
1000+ size operations. 

Grazing 18.1 Ibsfhead/yr 2000 head 18 EF from Asman (via Battye, Table 2-1). 
Herd size arbilrary. 

Poultry 0.393Ibsfhead/yr 200,000 head 39 
EF fmm population weighted composile from 
Ballye Table 2-9. Flock size arbilrary. 

Water Treatment 16 Ibs/106 gallons 
20 million gallons/day 
75 mgpd facility 

58 
219 

EF fmm Battye Table 6-2 based on CA 
POTW data. 20 mgpd moderale size 
Irealment works. 75 mgpd large urban. 

Fertilizer 
167lbs/lon urea 
19.7Ibs/lon NHJ 

10 square miles 
(=6400 acrns) 15 

EF Battye, Table 3-5, WI. % Table 3-1. 
Arbitrary essumption to apply 50 Ibs urea & 
50 Ibs anhydrous ammonia/acre 10 get 
average mix (not realistic operational 
scenario). 100 Ibs fertilizer/acre is realistic 
application rate. 

Soil 1 lb/acrefyr 10 square miles 3 
EF Irom Schlesinger via Battye Table 6-3. 
Temperate grassland, range is 0.1 to 10. 
Arbitrarily selected 1 for analysis. 

Autos 2161bs/106 VMT 100 million VMT 11 EF Fraser and Casso. EF for fleet average 
adjusted for calalyst mix & high NHI emitters. 

National Inventory San Joaquin Valley Southern California 
(Ballye', 1994) (STI", 1998) (Radian",1991) 

Motor 

OtherPOTW Vehide 
4% 4% DJrrestic 3% Cattle 

~. ~"to~ 12°~K 

42% '_ _ !.~./. b-~ pou~try
'-iII .... ,. 23'0 

Fertiizer Soil Fertilizer 
6% 17% 4% 

Figure 1. Ammonia Emission Inventory Examples. 
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Ill. DEVELOPING AMMONIA EMISSION ESTIMATES 

Most of the potentially significant sources of ammonia are dispersed, area-wide sources such as 
livestock, fertilizer application, and molor vehicles. Because it is dillicult to garher consistent aml 
locally applicable emissions and activity data for these types of sources, emission estimates will have 
substantial uncertainty. To add further uncerwim)', the inveotory data must be input into atl nospheric 
models, much like for ozone, to evaluate how much of the ammonia reacts to produce secondary 
particulates. Therefore, even with a perfect inventory, (he results will still be subjected [Q the significant 
uncertainties of atmospheric modeling to evaluate the contribution of ammonia to PM levels or visibility 
degradation. 

With these inherent uncertJ.inties, it is sensible w identify and estimate emissions from the large, major 
sources first, evaluate their influence on PM or visibility, then refme emission estimates for the smaller 
contributors as needed. The remainder of this section discusses some of the problems we have 
encountered in prepaling ammonia estimates and how we are dealing with them, 

Emission Factors 
Numerous studies have been funded to compile and tabulate emission factor d~ta for the various 
ammonia sources2

,5.6. These compilations arc helpful in providing a range of possible emission values 
for developing an inventory, but substantial judgement is necessary in selecting the specific values 
needed for emission estimates, 

To develop a detailed, region specific inventory, it is important to know if the ammonia emission rates 
were developed using mass balance approaches, emissions testing, some type of engineering analysis, or 
another teehnique. It is also helpful to evaluate what <Jssumptions went into the emission factors. For 
example, if testing was performed for dairy eat tie, does it include just the direct animal waste emissions? 
Does it also include emissions from manure piles, storage ponds, and other site emission sources? Are 
the animals gmzing for feed? What is the nitrogen content of their diet? How are they houscd? How 
many arc present at a single facility? What is the waste removallechniquc? "Understandably, most 
sununary repons do not provide the level of detail need w answer [hesc questions, and most of us do not 
have the resourees to eval!Jate the primary literature. 

A cursory look at any of the published emission factors for ammonia sourees shows a wide range of 
cmission pOSSibilities. For example, emissions from soils2 range from 0.1 to 10 lbs of ammonia per 
acre. Dairy cattle emission faetors r~nge from 20 to 130 lbs per animal per year7

.
6

. Because of this large 
variability and lack of region specific data, it is useful to select the most sensible emission faewr dala 
available, and then develop methods thai can be easily updated with new or more appropriate data as 
they become available. 

With this perspective, the emission faetors already provided in the existing published literature are 
probably adequnte for initial ammonia inventory development. A helpful reference for emission factors 
is the report, "Development and Selection of Ammonia Emission Factors" 2 which was funded by [he 
"U.S. EPA. Tbis document is aV3ilabie on the EPA web site at: 
http://www.epa.gov/ttnlchief/efdocs/arnrnonia.pdf.This report provides more detail than many of the other 
published documents and provides descriptions of the SOurces and issues involved. A partial sUlllmary 
of emission factors for the major souree categories is also posted on the ARB website as part of a 
previous ammonia inventory presentation8. The address is hnp://arb.ca.gov/emisinv/pmnh3/pmnh3.htrn. 
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Activity Data 
The emission factors for ammonia sources dictate .....hat type of activity data are needed or appropriate. 
For example, beef caltle have emission factors for adults, calves, and other subcategories, so it makes 
sense to seek population data for these animal types. Similarly, fertilizer emission factors are provided 
for anhydrous ammonia, urea, and others, so again, the emission factors help to establish what fertilizer 
sales and applieation data are needed to prepare an inventory. 

As v.'ith (he emission rates, there is substantial uncertainty for the ammonia activity data, and in some 
cases, it is difficult to even obtain these data. For example, how many chickens are there in Arkansas? 
How much fertilizer is applied in North Dakota? What kind? When? How m;my ears are emitting 
ammonia in California? The prineiple is the same here as with the emission f:letors - it is worthwhile to 
make an initial estimate with whatever is available and refine as needed. 

Review of Estimates 
When an inventory method and estimates have been eompleted, an essential step follows. II is very 
beneficial to have the emission factor, aetivity data, and methodology reviewed by experts from lhe 
affected industries, aeademic researchers, and other air quality seientists. It is usefnl to expbin .....hat 
assumptions were made and why, what the method's shortcomings are, and how the d:lt:l will be used 
(e.g., trying to determine ,,"vhich sources might possibly be signifieant). Working with industry and 
others also provides an opportunity to determine if there are better avail:lble sourees of activity data, 
seasonal data, and sp:ltial data. 

Summary of Issues for Major Source Categories 
The following list provides a summary of issues and diffieulties in estimating emission for the most 
obvious ammonia sources. The infonnation is summarized from reports listed in the referenees, and it is 
provided to help identify some of the problems to keep in mind while collecting the data'needed to 
prepare a souree inventorY. 

• Livestock 
- diffieull activity Jala collection due to various animal types and residency time issues 
- emission factors have wide variations and are not standardized; specific sources, handling 

practiees, and housing practices difficult to estimate 
- emission faetors do not take into account differences in temperature, humidity, soil, and other 

factors that can affect ammonia formation and volatilization 

• Fertilizers 
- wide range of emission factors; effects of climate and soil diffieult to incorpor:lte 
- most emission factor data are based on theoretical ealeulations and laboratory study 
- need application methods, application calendars, and spatial allocation data 

• Soils 
- soils emit and uptake ammonia so it is difficult to evaluate the net contribution; emissions 

potentially significant in some regions ifuptake is nOl substantial 
- may need to model the emissions related to vegetation coverage, climate, and soil type as is 

done with biogenies 
- limited emission factor and test data are available, wide range of values 

• Industrial sources 
generally minor emissions, ammonia used as part ofproeess or product, so efforts are made 
10 limillosses for eeonomic reasons 

7
 



• Sewage trealmenl 
- there is eoneem about ammonia losses prior to effluent reaching the treatment plant 
- individual faeility emissions ean sometimes be significant, but often overwhelmed by other 

regional sources 
- limited emission factor data available, but activity data easy to obtain for facilities 

• Domestic/urban sources 
- domestic sources such as cleaning produets, pets, diapers may need to be evaluated 
- sources appear to be minor emission contributors, but may need to inventory for equity and 

to understand higher than expected ammonia levels in some urban regions 

• Molor vehicles 
- emissions eould be significant for urban areas 
- substantial variability in vehicle ammonia emissions wilhin fleet 
- first order estimates may be possible with existing motor vehicle invencory data and literature 

emission factors 

IV. CASE STUDY: PREPARING A BEEF AND DAIRY CATTLE INVENTORY 

The following discussion about preparing a callIe emission inventory illustrates some of the issues 
involved in estimating emissions from' many of the non-point ammonia sourees. As with many sources, 
the basic approach for estimating ammonia from callie is simple enough: develop an emission faetor by 
measuring ammonia emissions from a typical population of animals: eount the number of animals that 
are present over the eourse of a year; then, multiply the emission factor by the number of animals to get 
the annual cattle ammonia emissions. 

Unfortunately, the situation is far from being this simple. [n estimating emissions from beef and dairy 
cattle there are a myriad of issues to eonsider. What kinds of animals are present? What is a typieal 
population? How long are they present? Is there infonnation available to estimate emissions for the 
various animal types? Is there data to evaluate how animal populations vary over the eourse ofa year? 
How do practices change by season? Is manure stockpiled and disposed at distinct times of year? And, 
how do emissions change as a result of variations in climate, soil, and other factors? 

For areas with PM exeeedances driven by secondary particulates, all of these questions are relevant for 
understanding and modeling the seasonal and local variability of the emissions. This is important 
because in most regions, the effects of cattle ammonia emissions are not an annual problem, but a'season 
specific, somewhat localized concern. Fortunately, although the estimates will be far from perfeet, with 
existing data it will be possible to detennine where the sources are, estimate their emissions, and 
evaluate what time of year they are likely to be most significant. 

Acthrity Data - Population 
As stated previously, one of the ways to evaluate what activity data are needed for an emission source is 
to look at what emission factors are available. For cattle there are factors for beef cattle, dairy callie, 
young eau[e, grazing cattle, ealves, cows thm have calved, heifers, animals 500 pounds and over, and of 
course, bulls2

. From all of these choices, it is neeessary to detcnnine whieh population data are actually 
available on a regional basis. In California, beef and dairy cattle population data are available from the 
California Department of Food and Agriculture), and the Califomia Agrieultural Statistics Service9

. For 
beef and dairy cattle, data were available to estimate populations for the population classes shown in 
Table 3. These elasses were selected because there is infonnation available to estimate the populations, 
as well as a relatively consistent set of emission faetor data that can be used with the population data to 
perfonn emission estimates. 
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For livestock, it is important that the population estimates not be based strictly on sales or unexamined 
population figures, which C<ln C<luse substantial miscounting. For example, feedlot animals typically are 
only kept about six months, so a feedlot might sell 100,OOO head in a year, but that docsn't mean that 
lOO,OOO head of cattle were producing emissions over 12 full months. Instead, assuming a sixwmonth 
residence time, 50,000 animals may be present from January through June, then they are sent 10 market, 
and another 50,000 arrive from July through December. Thcrefore, ovcr the course ofthc year, Ihere are 
emissions from only 50,000 animals that are actu<ll residents for 12 months, not 100,000, which is the 
number marketed. There is a similar situation with inshipment eaule that arc brought into California for 
only about sevcn months for grazing, so a straight count of the animals would not provide a correct 
estimate of lhe numbcr of animals emitting per year. 

Once it is detennined what types of animals are present, it can be detennincd where they are localed and 
when they arc prescnt. For the initial ARB methodology, information was available from the state 
agricultural agencies to apportion the cattle by county. As the method is refined by working with 
industry groups, efforts will be made to better spatially and temporally apportion cmissions for those 
regions significantly affeeted by ammonia emissions. 

Emission Factors 
The emission factors for cattle have a wide range of values ranging from 11 lbs NH3/heaJiyear for range 
calves2 to over 130 Ibs ofNH3 head/year for dairy cattle6

. As mentioned previously, selecting data from 
the existing literature is difficult beeause the researchers use different methods, applied to different types 
of operations, under different conditions. To add further difficulty, mueh of the ammonia rese<.lrch has 
been performed in Europe which raises ques[ions about the applicability of [hese data to pr<.lctices used 
in the United Stales. 

In preparing first draft Table 3. Beef and Dairy Cattle Classes & Emission Factors. 
estimates we selected a sct of 
emission factors that provided 
a level of consistency among 
thc animal types, and appcared 
to take into account some of 
the differences in animal 
handling practices such <.lS 
range feeding, stable housing, 

Emission 
Beef Cattle Faclor 

(!bs/headlyr) 
Range adults 18.12 
[nshipments 18.12 
Calves 11.52 
Feedlot animals 33.49 

Emission 
Dairy Cattle Factor 

(Ibslheadlyr) 
Dairy cow 37.58
 
Milk calves 11.53
 
Milk heifers 28.75
 

. Dairy bulls 61.53 

manure spreading. and waste storage emissions. Our current emission factor selections, shov.'n in 
Table 3, are on the Jow range of published factors and are providcd in Battye2. Because of the 
variability in lhe emission factors, one approach we are considering is including a flmgc of emissions 
es[imates, possibly b<lsed on average emissions rates. 

Wilh the emission estimates completed and a well-documented methodology, our next step is to provide 
the information to the agrieultural industry and others interested in ammonia estimates for review. We 
will then hold a meeting with the reviewers to discuss the methods, shortcomings, and ways to improve 
the estimates. For more detailed infonnation on our approach, the complete draft methodology for this 
beef and dairy cattle ammonia estimates will soon be posted at http://arb.ca.gov/emisinv/pmnhJ/pmllhJ.htJn. 
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v. ONGOING AND PLANNED RESEARCH 

It is imponanllo be aware that there are numerous studies that have evaluated what ammonia emission 
data and methods are available, and what future research is needcd2

,5,6,1O,IJ,12, Therefore, it is necessary 
to carefully target research efforts when funding further efforts in this area. At this time it is important 
to perfonn source specific research that will tangibly improve our emission inventories and provide 11 

better understanding of ammonia emissions and variability. The following research studies are 
sponsored by the ARB and others to meet some of these goals. 

To help better understand emissions from fertilizer application, the ARB is sponsoring a project with 
California State University, Fresno, and the NASA Ames research center. The project will measure 
ammonia emission rates from fertilizer application and then develop regional fertilizer emissions 
modeling based on the field test data. The project will test emissions for a variety of fertilizer types and 
application methods relevam to the major crop types in California's San Joaquin Valley. The modeling 
will inelude inputs for soil type, elimatie conditions, application ealendars, and other relevant faetors. 
The projeet will also attempt to evaluate baekground agricultural soil ammonia levels by beginning 
ammonia sampling prior lo the fertilizer application. 

The ARB also has a project with the National Oceanographic and Atmospheric Administration to 
develop and evaluate a Lidar laser system to measure real-time, three-dimensional ammonia 
concentrations. For the longer term, the ARB is also evaluating the need to develop a G1S based model, 
whieh could estimate and display ammonia emissions in a way similar to biogenic emissions. 

The California Regional Partieulate Air Quality Study (CRPAQS) is planning to fund srudies which wit I 
improve our emission estimates from eommercial and residential fertilizer applieation, as well as 
eollecting data which can be used to more elearly estimate ammonia emissions from urban sources sueh 
as household products, pel waste, diapers, and other unsavory sources. This work will help us beller 
understand some of the sources that do not always receive much allention, but may possibly playa 
consequential role in nilrate or sulfate formation because their proXimity to NOx sources. 

Within the ARB, our Mobile Source Control Division is performing some ILmited testing of ammonia 
from motor vehicles to begin a more complete evaluation of these emissions. These emissions, which 
are not included in our emission estimates, may be important eontributors to PM formation. In a 
simplified estimate performed by Mathew and Cass4 

, they showed that motor vehiele ammonia 
emissions may be as high as the dairy emissions in Southern California, which are in the range of 
25 tons per day. These results are not comprehensive, but they do indieate thaI additional \vork is 
needed in this area. 

The South Coast Air Quality ManJ.gement District has also recently received the results of a contraet 
they sponsored to develop a comprehensive, gridded ammonia emission inventory for Southern 
California. This report is one of the most recent, and probably among the most eomprehensive regional 
ammonia inventories developed. These proceedings also include papers diseussing swine ammonia 
emissions. Some oflhe work, protocols, and methods in these papers will be helpful for estimating 
ammonia from other ammonia sources, especially livestock. 

There is additional ammonia work being sponsored by several ageneies. At this time, it appears that 
what is needed most is speeific emission rate information, better estimates of environmental variability, 
and resourees to compile appropriate levels of aetivity data. 
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VI. CONCLUSIONS 

In some regions of the United Stmes, it is important to develop detailed, well-defined ammonia emission 
inventories appropriate for modeling. Other areas will be able 10 meet their needs for understanding the 
contributions of ammonia to air quality and visibility degrau<llion with more general emission estimates. 
Because of all of the work we constantly have before us in improving air quality, it is important to 
clarify and prioritize which sources need the most attention, and what work will provide the greatest 
benefit 

Preparing ammonia inventories is a challenge because of the tremendous range in emission facmrs, the 
difficulty in cOllecting activity data, the climatic and other variations in the emission rates, and the often 
diffuse and poorly understood emission sources sueh as .livestock and soils. These data must then be 
input to atmospheric models. wilh their own uncertainties and approximations, to fully understand [he 
effcct of the ammonia on air quality. 

Fortunately, there is adequate infonnation available to prepare initial inventories thai can then be 
extended to the level of detail warranted by regional air quality and visibility improvement needs. There 
is also adequate time to prepare ammonia inventories that will meet regulatory requiremems. In 
California, we plan to have a draft statewide ammonia emission invcntory available in 2001. The 
inventory will include all of the major ammonia sources and wil1 include some spatial and temporal 
allocation of the emissions. Addi[ional inventory efforts will be focused on those areas with known 
secondary PM problems to better refine the infonnation necded for modeling. With these d.:uJ., we cJ.n 
begin 10 more c1e::lfly undersmnd the effects of ammonia on air quality, and provide information thal will 
be helpful in continuing to improve the air quality within California. 

DISCLAIMER 
The opinions, findings, and conclusions expressed in this paper are those of the staff and not necessarily 
those oflhe California Air Resources Board. In addition, the opinions provided regarding the needs and 
priorities for developing ammonia inventories are strictly those of the authors and have no regulatory 
authority. 
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ABSTRACT 

The fomlation of seeondary ammomum nitrate during the 1995 lmegnned 

Monitoring Study (IMS95) in San Joaquin Valley, CA was investigated using a box 

model thai simulates the atmospheric chemistry and gas/particle partition of inorganic 

compounds. The concentration of particulate matter (PM) nitrate was found to be 

sensitive to reductions in VOC emissions. Nitric acid, rather than ammonia, was the 

limiting reagent in the fomlation of PM nitrate. The fomlation of nitric acid was more 

sensitive 10 the availability of oxidants than thal of NOx • Oxidant chemistry in 

wintertime conditions in the San Joaquin Valley was shown to be VOC-sensitive. In facl, 

a decrease in NOx emissions may have the eounter-intuitive effect of increasing PM 

nitrate. 

Sen.lilil'ily ofPM Nilf(l/c' Forllla/ion 10 Precursor Emissiolls in Iile Cali/orllia Sail Joaquin Valley 



INTRODUCTION
 

The 1995 Integrated Monitoring Study (lMS95) was a planning study for the 

California Regional PM lOIPM25 Air Quality Study (CRPAQS). Details of the IMS95, 

including maps of the study domain, can be found in a special issue of Atmospheric 

Environment (Volume 33, Issue 29, 1999). Ambient data from the IMS95 show that 

areas in the California San Joaquin Valley (SlV) exceed the short-tenn PM2.5 National 

Ambient Air Quality Standard (24-hour average concentration of 65 ~lglm3)1. Much of 

the PM2,5 observed during winter is secondary in origin. Of the key components of 

PM2.5, ammonium nitrate (NH4N03) typically accounts for close to 20 Ilg/m3 of PM 

material, corresponding to 30% of urban PM1.5 and 60% of PM 25 in rural areas2
. In 

contrast, ammonium sulfate, the kcy component in PM2,5 obscrvcd in may parts of the 

eastem United States, only accounted for less than 5% oflhc PM2.5 mass during nv1S952. 

Therefore, it is important lo investigate the PM-precursor relationships of NH.. NOJ for 

the formulation ofeffeetive PM2.5 control strategies, especially in rural areas. 

In their conceptual model of PM formation, Pun and Seigneur l postulated that the 

fonnation of NH4 NOJ is limited by the availability of nitric acid (HNO j ), because 

ammonia (NHJ) emissions seem abundant in the SlY. This conclusion is supported by 

other reccnt analysesJ. HNOJ is itself a secondary component, fonncd in the atmosphere 

as a product of photochemical reactions involving nitrogen dioxidc (N01), hydroxyl 

radicals (OH), and ozone (03) (the OJ reaction involves intermediate species nitrate 

radicals, N03, and dinitrogen pcntoxide, N20s). While nitrogen oxides (NO,,) arc directly 

emitted, the radical species and 0 3 are produced from precursors NO" and volatile 

organic compounds (YOe). Thercfore, oxidant fomlation may be sensitive lo NO" or to 

S,·/Uil;'-ily 0/PM NilrlllC Formalion /0 Precursor [nJJJsio".. ill fhe Cali/orllia San Joaquin Yalley 2 



VOc. Clearly, the chemistry regime has important implications towards the choice of 

effective emission controls. 

This modeling study was performed to investigate the sensitivity of PM nitrate 

formation under conditions prevalent in the SlV during the winter season. This work'was 

designed to complement field measurements that may help unravel the details of nitrate 

chemistry in the ambient environment. Our objectives were to: (I) study the sensitivities 

of oxidants and PM to precursors, and (2) corroborate the modeling results with indicator 

species approaches~·5,6 for predicting the sensitivity of wintertime PM fomwtion. 

SIMULATION METHODS 

Box Model. A box model was selected t~ study the sensitivity of PM nitrate to 

NOx and oxidants. Although a three-dimensional (3-0) model should ultimately be used 

for this investigation, existing databases were insufficient for the reliable application ofa 

3-D model (e.g., a loft concentrations needed to define boundary a nd Initial conditions 

were not available). A box model, with carefully chosen initial conditions and emissions, 

can provide valuable information on the major processes that govern the dynamics of 

nitrate fonnation during the winter PM episodes. 

Winter PM accumulation is primarily associated with stagnant conditions with 

low wind speeds (less that 2 m S·l). Therefore, advection did not need to be treated. The 

box: model treats the following processes using an operator splitting approach: (1) 

emissions of precursor gases and PM; (2) gas-phase chemistry using the Carbon Bond 

Mechanism IV7 (CMB-IV), augmented with isoprene chemistry and heterogeneous 

nitrate chemistrl,9; (3) dilution by and entrainment of aloft air as the mixing height rises; 

(4) dry deposition of gases and PM and wet deposition of PM associated fog; (5) 

gas/particle partitioning using SCAPE2 1O
, a thermodynamic equilibrium aerosol module. 

Scnsi/;\'ily ofPM Ni/rate Formalion 10 PrCC~,.sor ElliiniofIJ ill Ihe California San JO(lquia Valley J 



The key feature of CBM-IV is the lumping of organic compounds based on their 

molecular structures (model species represent paraITm earbons, olefin bonds, etc). 

Inorganic reactions represented in C8M-IV are similar to those used in the other g as

phase mechanisms, such as SAPRC and RADM. Due to the abundance of biogenic 

emissions in the SJV 1 the most recent treatment for isoprene chemistry was implemented 

to ensure the proper representation of gas-phase chemistry. Isoprene reacts with oxygen 

atoms (0), OH, 0), NO), and N02. A surrogate isoprene reaction product, ISPD, may 

undergo photolysis or react with OH, 0 3, and N03. Therefore, the version of C8M-IV 

used in this study simulates [he chemistry of 34 species (25 molecular species and 9 

radicals) with 88 reactions. Photolysis rates were calculated based on cloud-free 

conditions, although fog sometimes persisted after sunrise. Heterogeneous chemistry of 

N20 s, NO), and H0 2 was treated using the reaction probability approach recommended 

by Jacobs. These 'reactions were simulated when fog was present using an average 

droplet diameter of20 J.1m". Aqueous-phase sulfate chemistry was not included. Sulfate 

is not a key component of PM2.5 in SJV and is not the focus of this sludy. The omission 

of aqueous-phase sulfur chemistry is not expeeted to have significant impacts on the 

simulation, since S02/sulfate chemistry has little effect on nitrate formation in an 

ammonia-rieh and sulfate-poor environment. 

The gas-phase chemical kinetic equations are solved using the Young and Boris I ~ 

ordinary differential equation solver. Pseudo-sleady-state assumptions are made for all 

radical species (with the exeeption ofN03, whose reaction time scale dictates whether or 

not steady state is assumed at any time). This approach provides a good balance betwecn 

numerieal robustness and computational efficiency. 

Srllsiri"iry o/PM Nirr(1/C FOrr!Ilf/lon 10 Prewrsor Emissions in rhe California San Joaquin Vnlff'}' 



SCAPE2 simulates the composition 0 f atmospheric particles at equilibrium given 

the total (i.e., gas and particulate) amounts of sulfate, nitrate, ammonium, sodium, and 

chloride. Ate ach t [me step, t he concentrations of N H), sodium, chloride, and sulfate 

change as a result of direct emissions. ill addition, sulfuric acid and nitric acid are 

fonned from chemical reactions in the gas phase. SCAPE2 calculates the thermodynamic 

equilibrium of the gas/particulate system based on time-varying inputs of temperature 

and relative humidity (RH). At cach limc step. SCAPE2 outputs thc gaseous 

concentrations ofNH), HNOJ, and HCl, and partieulate concentrations of sodium, sulfate, 

ammonium, nitrate, and chloride. 

Typical dry deposition velocities were derived for SOl, N01, OJ, HNOJ, H20 2, 

formaldehyde, higher aldchydes, and sulfate from the SARMAP air quality model 

(SAQM) and from Modcls-J for NH). The dry deposition Velocity of sulfatc was used 

for all particulate species in the simulation. Wet deposition was modeled when fog was 

present using an average particle deposition rate of about 3% per hour l3 
. 

Base case simulation inputs. Conditions during the 4-6 January 1996 episode 

l4were generally cool, calm, and s tagnant . Surface t cmperatures fluctuated between 7 

and 16°C. Surface wind velocities were below 0.5 m sol 40% to 50% of the time, and 

day time maximum mixing heights ranged from 450 m to 1250 m at several stations. Fog 

was prcsenl for an avcragc 12 hours per day during the episodel-t. PM2.5 concentrations 

Jrose from 35 flg m- to 80 fJg m-) in Fresno during the three-day episode. 

The box model requires emissions of ammonia, nitrogen oxides (NOx), and VOC, 

which are the precursors of PM nitrate and oxidants. The California Air Resources Board 

(CARB) prepared gridded emission inputs [rom the IMS95 inventories, which wcre 

evaluatcd by Magliano et al. 2 The emission flies obtained from CARB for a typical 
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weekday in the IMS95 domain contained gaseous species NOx , VOC (speciated), 1...,THJ, 

S02, and several particulate species including Na+, cr, S04=, organic carbon (OC), 

elemental carbon (EC), and a category representing all other particulate compounds. The 

diurnal emission profiles of NOx and VOC (point plus area sources) show strong diurnal 

variations, but that ofNHJ is fairly constant throughout the day. Eight classes of VOC (2 

alkanes, 2 aromatics, 4 olefins) were converted to the lumped CBM-IV structure groups 

(PAR, TOL, XYL, OLE) and isoprene for use in the box model. For the box model 

simulations, the emissions in the modeling domain were extracted from these files. 

Diurnal profiles of temperature, RH, and mixing layer height are needed to define 

the meteorological conditions used in the box model simulation. Temperature and RH 

are used in both the gas-phase chemistry and aerosol thermodynamics calculations. The 

mixing layer height is used to define the dilution and entrainment characteristics of the 

modeling domain. Meteorological data were downloaded [rom the CARB-maintained 

I1...fS95 data base (http://www.arb.ca.gov/themis). Very humid conditions were observed 

during IMS95; the average relative humidity was above 90% From 7 p.m. to 9 a.m. and 

minimum relative humidity during the day was about 65%. Mixing layer heights were 

determined from the vertical temperature profiles at four stations (Corcoran, EI Nido, 

Bakersfield, and Fresno) within the SJV for the January 1996 episode (Ajith KaduweJa, 

CARB, personal communication, 1999). Spatia!1y-averagcd mixing height profiles were 

used in this study to represent typical episode conditions. Due 10 limited data, an 

averaged profile was used for all days. The mixing layer height ranged from less than 

100 m during predawn hours to about 750 m in the lale afternoon. 

Observed concentrations were obtained from the IMS95 data base and were used 

to drive rhe box model as initial conditions (Table 1). Note that the model repartitioned 
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gas-phase and partiele-phase species that were not in equilibrium in the first time step. 

Based on Magliano et al.'z, the ambient NHiNO:\: ratio compared well with the 

emissions inventory values over a 25 km radius of the monitoring station (i.e., an area of 

about 2000 km2
). Therefore, a 44 km x 44 km area around Fresno was chosen for the box 

model simulations. Sensitivity simulations with domains of 4 km x 4 km (urban scale) 

and 216 km x 288 km (entire IMS95 domain) were also performed. These simulations 

showed chemical dynamics that were not characteristic of the ambient conditions in the 

SN. Because of high emissions concentrated over a small area without advection flow, 

the urban scale simulation resulted in signiflcant build-up of pollutants, such as NO:\:, 

VOC, and PM, and a depletion ofNH3 within a couple of simulated days, which was nol 

observed during IMS95. The chemical dynamics of the regional scale simulation 

indicated that the oxidant chemistry was too slow (because of the dilution of emissions 

over a large area) in rural areas to account for the observed PM nitrate and oxidant 

concentrations. 

A 3-day simulation was perfonned for the Fresno domain, based loosely on the 

conditions found during the 4-6 January 1996 episode. We assumed that pollutants are 

trapped and preserved aloR when the nocturnal inversion isolates the surface from the 

aloft layer. Therefore, the modeled aloR concentrations on eaeh day are equal to the 

concentrations of pollutants in the previous atlernoon at the time of maximum mixing 

height. Aloft eoncqntrations are also required for (he fIrst of the modeled days. Since 

aloft eoneentrations were not measured during IMS95. characteristic aged emissions (the 

concentrations on the third day of a simulation without initial conditions) were assigned 

as the initial set of aloft concentrations. 

Magliano et al. 2 found significant uncertainties in the emissions inventory (e.g., 
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underestimation by a factor of 4 for NMOCINO.,) based on comparisons of inventory 

ratios of VOCINOx;NH)INO;o;, and PMINOx to ambient values. Therefore, the emissions 

of organics were adjusted to obtain a base case that best malchcs the ambient 

concentrations. In the base case simulation, the organic emissions were doubled from 2.3 

X 106 mole C/day to 4.7 x lOb mole C/day within the modeling domain in order to 

produce 0 3 concentrations similar to those observed in the during IM"S95. Such an 

d" " I"" I" d" 151617 
J 

T 1 "" d" ha Justment IS commonp ace m alr qua lty stu les .. ota emlSSlons usc III t e 

simulations are listed in Table 1. 

Sensitivity Simulations. Simulations were conducted to test the changes in PM.z.5 

nitrate concentrations resulting from changes in the emissions of NOx and VOC within 

the modeling domain. The results are summarized in an isopleth plot (Figure 1). Since 

the responses of 24~hour average PM nitrate concentrations to reductions in VOC and 

NOx emissions are very consistent over a range of reduction levels, we only discuss in 

detail a sensitivity simulation with a 50% reduction in VOC emissions and another one 

with a 50% NOx reduction. 

RESULTS AND DISCUSSION 

Base Case Simulation. The first day is treated as a "spin-up" period, to minimize 

the effects of initial conditions on the results of the simulation. Therefore. only the 

results of the second and third days are compared against 24-hour average ambient 

concentrations in Table 2 to ensure that the box model captures the general dynamics of 

the fonnation of secondary pollutants. Figure 2 shows the average diurnal profiles of key 

secondary species, including 0), N02, PM nitrate and ammonium. Available 

observatious are also displayed to ensure that the box model provides proper 

representations of the physical and chemical processes in SlY. The 0 3 concentration 
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peaks at 2 p.m. on both the second Dnd third days, with values of 23 and 27 ppb, 

respectively (obscrved peaks of 20 to 35 ppb occurred between 2 and 3 p.m.). The 

simulated concentrations of OJ are within the range of values observed during the 

January 1996 episode of IMS95. 

The NO~ concentration profiles do not match the observed concentrations as well. 

The ambient data for NO typically display a pcak value (60 -. 100 ppb) bctwccn 8 and 9 

a.m. and high concentrations (30 - 50 ppb) throughout the night. A morning maximum 

concentration of about 20 ppb is predicted at about 10 a.m., and NO concentrations are 

typically low during the night. The diurnJI wnge of observed N02 concentrDtions is 

smaller than that of NO concentrations. N02eoneenlrations l1uetuate between 10 and 30 

ppb, with a midday minimum slightly before the time of maximum 0). The simulatcd 

N02 concentrations reproduced this profile well, although they are typically to ppb 

higher than the observed values. Model predictions of VOC compared reasonably well 

with the aftemoon VOC samples. However, the box model was not able to predict the 

peak m oming concentrations. T he simulated concentrations 0 ft he primary precursors 

(NO;< and VOC) were lower than the observations. Since alt emissions are well mixed in 

a box model, the size of the modeling domain is probably too large to rcprcsent the 

emission~driven variability in NOx and VOC observations at the Fresno core site. 

The 24-hour average conccntrations of PM2,5 and major PM 25 components arc 

summarized in Table 218
. The undcrprediction of PM2.5 was due 10 primary emissions. 

Schauer and Cass l9 analyzed the sourcc contributions of PM2.5 in Fresno and found that 

43% of the observed PM 2,5 was primary in origin. In the box model, the contribution of 

primary compounds is smaller. Secondary compounds are morc regionally distributed. 

Therefore, the model provides bctter estimates of secondary inorganic components and 
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the base case concentrations of sulfate, nitrate, and ammonium are quite similar to those 

F 18measured · .In resno 

The diurnal profiles of predicted particulate ammonium and nitrate, as well as 

their precursors, NHJ and HNOJ, are shown in Figure 3. The concentration of HNOJ 

predicted by the model is much lowcr than the IMS95 observations (Table 2). This result 

is consistent with the modeling rcsults of Kum:u et a1. 18 
, who alluded fo measurement 

difficulties for HNOJ _ Some PM nitrate seems lo bc fOffiled during the day; however, thc 

accumulation of PM nitrate and ammonium also takes place in the evening, probably as a 

result of favorable partitioning of inorganic nitrate toward the particulate phase (due to 

colder temperatures and higher RH). as well as ehemical production. The relatively high 

concentrations of NH) and [he build-up of NHJ during the night (especially early 

morning) indicate that the formation of particulate nitrate is limited by the availability of 

HNO). with a possible cxception at the end of the simulation when Nth is close to 

depletion. Since the incrcase in PM nitratc in the evening exceeds the available HNO) in 

the gas phase for partitioning (the day time peak ofHNOJ is about 0.3 ppb), we conclude 

thal the chemical production of nitric acid and PM nitrate is significant in the evening, 

Two chemical pathways exist for the production ofHNOJ. The OH pathway takes place 

primarily during the day, \\!hen OH is more abundant. 

OH + NO, -7 HNOJ (I) 

The NO) and N20 S pathways consist of Reaetions 2 to 5. Since NO) photolyzes rapidly 

during the day, these pathways take place primarily at night. 

(2) 

(3) 

(4) 

SI'Mitil'it\' ofPM Nitrale Formatiorr to Pn'.'cursor Eml.ls;onS;/1 Ih" Colifornia S,m jOlJ'lIJi/1 V'/!!e}' 10 



N20, + H20 -7 2 HNO] (5) 

Reaction 3 is a heterogeneous reaction that takes place on fog droplets. Reaction 5 is 

favored when the RH is high and when lower temperatures increase the stability of the 

combination product N20S_ When fog is present, a heterogeneous mechanism of 

Reaction 5 is also viable. The conclusion that the N03 and N20S pathways play a 

signi ficant role in PM production is inferred from the predicted concentrations of the 

intermediates N20S and NO) during the evening. The production of PM nitrate via the 

N20S pathway ceased later at night when N20 S and N03 are depleted. because OJ, a key 

ingredient of NO) (Reaction 2) is depleted. Figure 4a shows the relative contributions of 

the two chemical pathways and initial and boundary conditions to the obsen'ed PM 

nitrate. As seen in Figure 4a, excluding initial conditions and boundary conditions, 80% 

of the da)1ime concentration of PM nitrate is attributed to Reaction I. While the PM 

nitrate formed from the OH+N02 reaction persists into the night, about 50% of the 

nighttime nitrate produced in situ is attributed to N03 reactions (Reaction 2 to 5). 

The presence of fog at night enhances the production of HNO~ (via [he 

heterogeneous reactions of N03 and N20 s). However, i[ also increases the removal rate 

of PM due to wet deposition. Compared to a sensitivity case where fog \-vas not 

simulated, it was found that the net effeet of fog was the removal of about 10% nitrate 

over a 24-hour period. PM nitrate removal as the net effect of fog is consistent with the 

fog modeling results of Lillis et al. 14 Because fog removes HOl radicals via 

heterogeneous reaction, daytime OJ ""'as also reduced \I,.'hen fog is present because of the 

reduced production ofOH from HO l and NO~ the next morning. 

VOC Emission Reduction. Figures 5a and 5b show the 03-NOx dynamics and 

the PM and precursor time series, respectively, for the sensitivity case with a 50% 
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reduction in VOe. The key resull is that the 24-hour average PM nitrate concentration is 

reduced from 16.5 and 22.5 l1g1mJ on days 2 and 3 in the base case (Table 2) to 13.5 and 

14.5 l1g1mJ 
, respectively. Given that the initial condition is I 1. 7 l1g1mJ 

, the production of 

secondary PM is greatly reduced when the voe emissions are halved. Particulate 

ammonium, which is associated Wilh particulate nitrate, is also redueed (24-hour average 

concentrations are 5.0 and 5.5 l1g1mJ on days 2 and 3, respectively; down from the base 

case values of 5.9 and 7.8 l1g1mJ
, respectively). 

Figure 5b shows that, as in thc base case, NH) is abundant in thc system relative 

to RNOJ. In fact, the gaseous concentrations of HNOJ are lower in this sensilivity 

simulation than in the base case. The general features of Figure Sa are quite similar to 

those of the base case (Figure 3a). OJ concentrations are lower (maximum OJ 

concentrations reduced from 23 and 27 ppb on days 2 and 3 in the base case to less than 

20 ppb in this sensitivity simulation), and NOx concentrations are generally higher, 

consistent with s 10"Yer chemical removal 0 f N Ox by oxidation, T he concentrations 0 f 

NOl , the nitrogen-containing reagent in Reactions 1 and 2, are very similar in the 50% 

voe simulation and in the base case. The reduction in PM is therefore caused by the 

limited availability ofoxidants, OH and OJ. Figure 6 compares the concentrations of 

OH, 0 3, and NzO j between the base case and the 50% voe reduction casco A 50% 

reduction of voe emissions rcduccs peak OH and OJ concentrations by as much as 20%. 

The resulting N20 j concentrations are more than proportionately reduced, and 

consequently, the rale of HNOJ production by this pathway is considerably rcduced. 

Since the N10 j route contributes significantly to the production of HN03 in the base case, 

PM nitrate is similarly reduced. The change in the relative importance of Reaction I vs. 

Reactions 2 to 5 is reflected in the differcncc in the PM nitrate build-up pattern between 
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the base case and the 50% VOC casco The base case shows a relatively small increase in 

the nitrate concentrations following the day-time minimum that resulted from the 

entrainment of cleaner air, followed by "a substantial increase in PM nitrate after sunset. 

In the reduced VOC case, PM nitrate increased gradually from mid morning to the mid 

afternoon due to the N02 + OH reaction (see Figure 4b). On the other hand, little nitrate 

lonnation takes place at night because, by sunset, 0 3 has been nearly depleted; therefore, 

the N20 5 pathway for nitrate foonation (which depends on 0 3 to fOITn N03) is negligible 

in this ease. The smaller contribution of the NO) and N20s reactions to the evening 

concentrations of PM nitrate can also be seen in Figure 4b. This is a major difference 

from the base case. 

NO~ Emission Reduction. The results of the 50% NO, emission reduction case 

are presented in Figure 7. Figure 7a shows the dynamics of 0 3 and NO x. As is quite 

frequently the case with VOC-sensilive regimes, reducing NO, actually increases the 

formalion of OJ because less NO is available to titrate OJ. The maximum 0) 

concentrations are 28 and 38 ppb on days 2 and 3, higher than those observed in the SJV 

in the wintertime. The night-time N02 concentrations decreased from 35 to 37 ppb in the 

base ease to 27 and 22 ppb on the first two nights. NO concentrations are also low, even 

during the morning rush hour. 

Despite the lower concentrations of NO" more PM nitrate is formed, as shown in 

Figure 7b. Twenty-four hour average PM nitrate concentrations rose from 21.3 to 28.6 

from day 2 to day 3 , a 30% increase 0 vcr t he base case values. Although this result 

seems counter-inlUitive, it is easily explained if one considers the dynamies of the VOC

sensitive chemistry. 

The N02 concentrations are always higher in the base case than in the sensitivity 
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case. As shown in Figure 6b, the concentration of OH radicals during the day is about 

23% to 28% higher in the 50% NOx reduction casc than in the base case. The increase in 

[he radical concentration occurs due to increased production from the photolysis of OJ. 

As shown in Figure 7b, daytime formation of RNO j increased slightly with respcct to the 

base case because the decrease in N02 concentrations (Figure 7a) is compensated by thc 

increase in OH concentrations (Figure 6b). The concentration of N20~ is about 50% 

higher in the evening compared to the base cas,e. In the previous section. we have shown 

that a decrease in 0 3 results in a more than proportional reduction in N20 5. The converse 

is also true; the increase in 0 3 in the reduced NOx simulation relative to the base case 

triggers a more than proportional increase in N20 S in the evening (Figure 6c). fndeed, 

significant PM nitrate formation is observed at night in Figure 4c, indicating the 

importance of the NO) and N10S pathways in this system. The midnight increase of 

gaseous RNO) on the last day follows a depletion of NH), which is converted to 

particulate ammonium 10 neutralize the particulate nitrate. Once NH3 is depleted, the pH 

of the aqueous particles quickly drops (to 1.2 at the conclusion of the simulation), 

preventing further partitioning of HNO j from the gas phase into the particles. 

Photochemical Indicators. Several photochemical indicators have been 

proposed to detennine the sensitivity of 0 3 to VOC vs. NOx. These indicators include 

H,O,IHNOJ , NO" HCHOINO,> OJ/(NO, - NO,) and (NO, - NO,)INO,',5, They 

represent dominant products under VOC- or NOx-sensitive regimes or ratios of these 

products. or chain length in the radical reactions that produce 0 3. For example, the ratio 

H20 1IHN03 represents the competition of the HOl radical tennination product (H10 2 

dominant in NOx-sensitive regime) and the OH + NO l tennination product (RNa) 

dominant in VOC~sensitive regime). Since RNO j partitions between the gas and particle 
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phases, PM nitrate and H NOJ are considered together in the denominator of the ratio. 

NOy is the total oxidized nitrogen. (NOy - NOx) is a measure of the amount of NOx 

oxidation products (HNOJ, HN02, PAN, etc.). The ratio of OJ and (NOy - NOx) is an 

indication of the chain length of the radical reaction, i.e., the propagation reactions that 

produce OJ vs. the termination reaetions that remove radieals and NO:>; from the system. 

Lu and Chang5 proposed numerical thresholds for the above photochemical 

indicators to characterize between VOC-sensitive and NO,,-sensitive regimes (see Table 

3) based on a summertime modeling study using the three-dimensional model SAQM. 

There may be slight variations in the thresholds used to define VOC vs. NO" sensitivity 

for a winter vs. a summer simulation, but the underlying ehemieal trends should be the 

same. Our base case simulation shows that the wintertime OJ concentrations should be 

sensitive to VOc. The simulated indicator values (Table 3) are different enough from the 

thresholds that this conclusion is insensitive to seasonal variations in the thresholds. In 

the sensitiVity runs, OJ also decreases with decreasing VOC (and increases with 

decreasing NO>;). Sincc both OJ and HNOJ are formed from reactions involving radicals 

(H02 and OH) and NO", this result was further extended in our simulations to the fact 

that inorganic nitrate production (i.e., HNOJ) is also VOC-sensitive. 

Blanchard et al. J determined that there was no ammonia limitation in the S.JY 

during IMS95. We explore whether our results for the sensitivity of PM nitrate formation 

from its precursors, HNOJ and NHJ, are consistent with the generic analysis conducted 

by Ansari and Pandis6
. Ansari and Pandis defined five variables that govern the 

inorganic PM formation system, as shown in Table 4. Using these variables, the 

wintertime condition in SlY is characterized by low temperature and high relative 

humidity with sufficient free ammonia relative to total nitrate. According to Ansari and 
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Pandis6
, wintertime PM concentrations in the SlV should be very sensitive to a change in 

HNO] concentrations but should not bc sensitive to NHJ concentrations. This result is 

consistent with Blanchard et a1.J and with our simulation rcsults. 

Implications. Our box model simulations point to the fact that PM formation in 

the SlV during winter is HNOJ-sensitive, that HN03 formation is oxidant-sensitive, and 

that oxidant formation is sensitive to reductions in VOC emissions. In fact, a decrease in 

No.~ emissions leads lo an increase in PM due primarily to In increase in OJ 

concentrations. The conclusion that PM formation is HN03-sensitivc is also obtained if 

one uses the generic analysis of Ansari and Pandis6 
. The indicator species of Lu and 

Chang5 also indicate that oxidant formation is VOC-sensj{ivc. 

It should be noteu that the box model reprcsents some domain-averaged chemistry 

but cannot characterize the locally specific chemical regimes. Other assumptions include 

stagnant conditions and aloft carry-over of gaseous and PM pollutants. Further work 

should extend this box model analysis to a three-dimensional modeling study so that 

transport processes can be simulated and the spatial variability of the response of PM to 

precursors can be addressed. However, In extensive reliable database is needed for the 

application of a 3-D model. The forthcoming California Regional PM Air Quality Study 

(CRPAQS) database may provide such an opportunity. 
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Table 1. Base case emissions and initial conditions for box model simulations. 

Chemical Species 

NO, 

NH] 

SO, 

VOC 

Isoprene 

Chemical Species 

NO 

NOz 

0, 

NH) 

SO, 

CO 

HNO! 

VOC 

PM ehlocide 

PM sulfate 

PM ammonium 

PM nitrate 

Emissions 

9.3 x 10' mol/day 

4.3 x 105 mol/day 

5.0 x 105 mol/day 

2 x 2.3 x 10' molC/day 

2.2 104 mol/day 

Initial Concentration 

36 ppb 

22 ppb 

8 ppb 

4 ppb 

1.6 ppb 

1.9 ppm 

1.2 ppb 

218 ppbC 

0.32 ppb (0.49 ~g1m]) 

0.54 ppb (2.2 ~g1m]) 

5.5 ppb (4.3 ~g1m3) 

4.4 ppb (11.7 ~g1m') 
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Table 2. Daily average measured concentrations m lhe Fresno Area January 4-6, 

1996 (Souree: Kumar et a1. 18) and results of base case simulation. 

Chemical species 

0, 

NO 

NO, 

HNO] 

NH] 

VOC (I) 

PM nitrate
 

PM ammonium
 

PM2,5 

Average concentration Predicted concentrations 

Day2 Day 3 

7.5 ppb 7.9 10.3 

56.4 ppb 7.6 6.5 

27.0 ppb 30.4 31.3 

1.9 ppb 0.Q7 0.09 

6.6 ppb 8.0 6.0 

0.46 ppmC 0.29 0.36 

19.5 pg/mJ 16.5 22.5 

6.3 ~glmJ 59 7.8 

55 ~glmJ 30 40 

(I) Average ofmoming (6-9 a.m.) and afternoon (3-6 p.m.) samples. 
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Table J. Indicator thresholds and San Joaquin Valley simulation results. 

Indicator Speeies Thresholds SJV \Vioter Simulation 

H,O,/(HNO, + PM nitrate) 0.9 (I) H,O,/(HNO) + PM nitrate) 

always substantially less than 0.9 

NOy 4.5 ppb (2) NOy > 40 ppb at all times 

0.6 (1)HCHOINOy HCHOINOy is less than 0.1, 

because of the abundance ofNOy 

O,/(NOy - NO,) 27.5 (I) O)/(NOy - NOx) < J.5 because 

0) is typically quite low 

(NOy - NO,)INO y 0.55 (1) (NOy - No.d/NOy ratio less than 

0.3 throughout simulation 

(1) high values = NO, sensitive; low values = voe sensitive. 

(2) high values = VOC sensitive; low values = NO;>: sensitive. 
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Table 4. Range of PM sensitivity variables for IMS95 (base case simulation results). 

Sensitivity variables 

Free ammonia (NH/) (I)
 

Total nitrate (HNO/) (2)
 

Gas ratio (GR) ~ NH,'/ RNO)T
 

Temperature
 

Relative humidity (RH)
 

(1) total ammonia - 2 x sulfate 

(2) sum of gas- and particulate-phase inorganic nitrate 

Range or values
 

9 to 20 ppb
 

3tol4ppb
 

1.1 to 4.5
 

279 to 289 K (low)
 

65 to 95%, (high)
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FIGURE CAPTIONS
 

Figure 1. Isopleths of24-hour average PM nitrate (ppb). 

Figure 2. Predicted and observed average diurnal profiles of key secondary species 

(a) N02 and OJ (b) PM amonium and nitrate. 

Figure J. Base case simulation: (a) OJ, NO, and N02 concentrations, (b) PM 

ammonium and nitrate, and gaseous NHJ and HNOJ concentrations. 

Figure 4. Contribution of the OH + N01 reaction, the NO] and N20~ reactions, and 

initial and top boundary conditions to PM nitrate for the (a) base case, (b) 

50% VOC case, and (c) 50% NO,,- case. 

Figure 5. Sensitivity Simulation, 50% VOC Reduction: (a) OJ, NO, and N01 

concentrations. (b) PM ammonium and u itrare, gaseous N HJ and HNOJ 

concentrations. 

Figure 6. Comparison the base case simulation and the sensitivity cases: (a) OJ, (b) 

OH, and (c) N20 S• 

Figure 7. Sensitivity simulation, 50% NO", reduction: (a) 0], NO, :.lI1d N02 

concentrations, (b) PM ammonium and nitrate, and gaseous NH] and 

HNOJ concentrations. 
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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FiglJre 5. 
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Figure 6. 
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